Here we give additional information on the methods used for the paper. We describe the technical details concerning the setup and hard disk write heads. In addition we show how to derive the magnetic field values from the spin measurements. Furthermore we present how we simulated the photoluminescence of the nitrogen-vacancy defect (NV) in the magnetic field of the active writer. It should be noted that the finite elements simulations of the write field were provided by Seagate Technology PLC alongside the actual hard disk heads.
Section 1 -Hard Disk Head Positioning
Throughout this work we use hard disk heads as they are available in modern commercial hard disks. An aluminum assembly carries a ceramic glider (see Supplementary Figure 1 a and b) with the reader and writer on its end. The aluminum assembly is designed to keep the hard disk head steady on a track and well aligned with the recording layer of a hard disk. This is done by flexible hinges on the assembly (see Supplementary Figure 1 c ). In our case these hinges help to align the head with the diamond surface. Subtle pressure will force the head into a flat contact with the surface leaving a minimal gap. The proper angle can be verified in confocal cross-section scans where the polycrystalline diamond coating of the glider is clearly visible (Supplementary Figure 1 e, f). The large surface area of the glider provides enough friction to keep the head in place without any feedback or regulation. We can also estimate whether the gap is smaller than a few hundred nanometres by looking at the interference of a laser between the two surfaces.
In order to position the write pole near an NV centre we use a piezo stage (Physik Instrumente P-733) and move the whole head including the write structure, the glider and the mounting assembly. In down-track direction the assembly is remarkably stiff which allows us to pull the head over the diamond surface with an accuracy on the order of ten nanometres. In cross-track direction the assembly is typically not very responsive to movement of the piezo stage. It will however adjust once it lost static friction, so moving the head back and forth subsequently in down-track direction can change the cross-track position.
In order to make 2D scans we pull the head line by line over the diamond surface in down-track direction and reposition cross-track for each line. On the micrometre scale we can track the photoluminescence from the glider or other structures on the head (see Supplementary Figure 1 d-f) and find that its movement is faithful to the movement of the piezo stage. On the nanometre scale this method also produces intelligible images. However, we cannot rule out that the two directions have different accuracies and behaviour.
The presented positioning technique provides little control over the writer-sample distance. Once in contact with the diamond sample the height depends only on the flatness of the surfaces and any material deposited in the gap. From comparisons of measurements with the simulation of the write field we estimate that writer typically ends up about 30-60 nm above the diamond surface. Lifting the head is restricted to tilting without fully losing contact because without position feedback or friction the control over the lateral position would be lost.
The size and accuracy of recorded images is limited by the position stability of the piezo mount. We observe that the write head can hold its position over the course of tens of hours as long as the piezo is static. During scans however displacements occur more frequently, typically on time scales of tens of minutes to a few hours. We assume that the head will pick up drifts and jumps of the piezo while it is moving and while there is no static friction to keep it stable. Once jumps occur accurate positions are difficult to reproduce. With a few tens of nanometres the alignment spots seen in the main paper in Figure 2 a positioning. As we aim for resolutions below this scale we avoid recording and merging partial images.
In consequence image sizes depend on the measurement time needed to record a pixel. For example Photoluminescence measurements (see main, Figure 2) can be recorded within a few seconds allowing for scans with a few thousands of pixels. Electron spin Rabi oscillations (main, Figure 3 a) take about a minute, so two orders of magnitude longer, to record. For this reason we limited the imaging to a line scan of one hundred pixels. The measurements of the electron spin free induction decay (main, Figure 3 b ) and the nuclear spin experiments (main, Figure 4 ) have typical recording times of a few tens of minutes. Therefore these measurements can at best be used to produce accurate images of few pixels. Under the current limitations of the setup, we refrain from presenting such images and settle on proving the principle feasibility of these experiments.
Supplementary Figure 1:
Hard disk head assembly. a Photograph of a hard disk head with its assembly and flex leads. b Magnification of the head. It consists mostly of a glider with a large surface area which provides the aerodynamics necessary to float the head over a rotating disk. The reader and writer are located on the left end. c Schematics of the flexible hinges carrying the head (blue). d Confocal lateral scan of the read and write structures on the head. The pole cannot be resolved. It is located between a pair of shield brackets (marked dark areas) e Confocal crosssection scan of a hard disk head in flat contact with a diamond surface. The diamond type coating on the glider produces strong fluorescence. f Confocal cross-section scan of the same head with an inclination. 
SUPPLEMENTARY INFORMATION

Section 2 -Electronic Properties of the Writer
The current on the writer is driven by two different signal generators. In the experiments using AC fields a frequency generator (Rohde & Schwarz SMIQ 03B) with a bandwidth of 3.3 GHz is used.
All other experiments use an arbitrary waveform generator (Tektronix AWG520) with a bandwidth of 300 MHz. To access the writer circuit the flex leads are connected to a coaxial cable connector with gold pins or indium stripes.
Write currents range from -60 mA to 60 mA. Up to about 25 mA the magnetic field strength is expected to increase linearly with the current. For larger currents the magnetic parts are saturated and the magnetic field stagnates.
Supplementary Figure 2:
Transmission spectra of two writer circuits. Model 1 is used for most parts except for experiments using AC currents as the transmission around the electron spin transition frequencies (2.87 GHz) has large losses.
The write circuit has a resistance of 6 Ω. DC currents are measured with a generic ammetre. For AC currents no impedance match was made. The current amplitudes of AC signals are gauged by measuring the transmission power of the writer circuit. Supplementary Figure 2 shows the power spectra of two models of hard disk heads used in this work. Most experiments were made with model 1. It has, however, a large drop in transmission of about 30 dB around 2.9 GHz signals.
This might be due to reflections in the circuit as well as absorption from the ferromagnetic parts.
In the latter case we would expect amplified field strength. However we see no indication of this effect, so we assume rather strong reflections for this band and model. Therefore experiments using AC currents were recorded with model 2. On a side note, model 2 has no shielding brackets 
Section 4 -Photoluminescence Measurements
Measurements of the photoluminescence (PL) are recorded by moving the writer over a fixed NV in the focus of the objective while applying a write current to the coil. As the structures near the pole also produce PL the light from the NV has to be separated. Spectrally the PL from the writer is overlapping with the NV, so it cannot be easily filtered out.
A possible approach to separate the NV signal from the writer background includes recording a second PL image without any current on the writer. Assuming there is no magnetic field generated when the write current is off, this image would consist of the writer's PL and constant contribution of the NV. The difference between the on-image and the off-image represents the amount of PL quenched from the NV in the write field. This can be normalised with the unperturbed PL of the NV to obtain the steady-state PL ratio in the write field. To make sure that the two images are not misaligned by drift or inaccurate positioning both have to be recorded in parallel by switching the write current on and off on each pixel before moving to the next.
Supplementary Figure 3:
Steady-State Photoluminescence Measurements. a Combined PL of the writer and an NV centre depending on writer position while the write current is off. In the outlined regions the PL of the NV is quenched. b The same measurement while the write current is on. The PL of the NV is quenched in most parts of the image except for a spot in the centre where the field is aligned to the NV axis. The increase in PL towards the bottom originates from the writer. c Difference of a and b. While the PL from the writer is eliminated the quenched regions from the off image appear as brighter areas.
In practice however the writer emits a magnetic field when the current is off due to remanence in the pole and shield brackets. While the remanent fields from the shield brackets are typically on the order of just a few mT and have a negligible effect on the NV PL, the remanent fields of the write pole can reach some tens of mT in its vicinity. This is enough to significantly quench the PL and compromise the off-image. The remanence of the write pole is discussed in more detail in section 7 of this manuscript. Consequently these regions will have a reduced contrast in the difference image and compromised with artifacts (see Supplementary Figure 3) .
In a different approach we apply pulsed excitations instead of a continuous wave. Although we do not know the source of the writer PL, we can see that the response to a laser pulse decays within a few ns. The NV on the other hand has an excited state life-time on the order of 10 ns. By only recording the signal in a delayed time window after a laser pulse we can thus obtain a pure For the experiments shown in Figure 2 in the main paper we used laser pulses of 500 ns and a delay of 20 ns for the detection window. We chose this long delay in order to achieve a high contrast of up to 80 % and for convenience as it allows us to switch the excitation laser with a readily available acousto-optic modulator rather than adding a pulsed source to the setup. A single pixel was recorded for 2.5 seconds to obtain a signal of several thousand detector clicks which amounts to about seven hours of measurement time for a 100 by 100 pixel scan.
All PL plots in the main paper are noted in terms of PL ratio (%). This is the PL intensity or photon rate normalised to the intensity of the same NV without any applied magnetic field, i.e the maximum intensity. The effective fluorescence can be determined by recalculating the transition rates from these new eigenstates.
SUPPLEMENTARY INFORMATION
We set up and solve rate equations for a seven level model of the NV in the same fashion, three spin states each for the electron ground and excited state and one intersystem-crossing shelving state, and also adopt the method of deriving the magnetic field dependent transition rates from the NV eigenbasis in a given magnetic field.
In order to simplify the problem we introduce minor changes. For the steady state we assume the NV to be in saturation and thus the pumping rate to be infinite. This reduces the quenching effects around the ground state level anti-crossing (around 100 mT axial field) compared to the original work but we end up with a very similar behaviour. Figure 1 d in the main paper shows the steady state PL of the NV, which depends on the axial field and the radial field ⊥ = √ 2 + 2 rather than a specific radial component or . We normalise the result against the signal in the same time window without magnetic field and note it as PL ratio for simplicity.
From the write field data of the finite elements simulation we extract the projections along and perpendicular to a given NV axis ( ( ) and ⊥ ( )). In the main paper we show two geometries.
One geometry uses an NV in a (100) sample where all NV axes have an inclination of 54.7° with respect to the surface normal and thus the write pole. The second geometry is for a (111) sample where one NV axis is parallel to the surface normal and the write pole.
We can finally apply the magnetic field components and ⊥ to our PL simulations and get the resulting position-dependent PL as can be seen in the main paper. Fluorescence that is emitted in the direction of the writer is also reflected into the objective. Due to varying reflectiveness of different materials in the structures, differences in the overall count rate can be observed. In principle this effect could be characterised by recording a reference Figure 6 : Photoluminescence Gradients. a Simulation of the steady state PL dependence of axial and radial ⊥ magnetic fields. Guides indicate how gradients in the field strength / and the field angle / should be interpreted. b PL gradient caused by changes in the magnetic field strength / . In large areas this gradient is zero (green areas). c PL gradient caused by changes in the field angle / . For angles above 45° this gradient is vanishing. The stripes at ≈ 50 and ≈ 100 mT in b and c are artifacts caused by the eigenstate sorting algorithm around the excited state and ground state level anti-crossing and can be ignored.
Supplementary
As described in the previous section the PL of the NV in a magnetic field depends on the field components and ⊥ . This can equivalently be expressed as a field strength and the field angle with respect to the NV axis. In general the PL is not unique in its arguments which prevents a deterministic evaluation of the magnetic field vector from the PL alone.
Looking at the influence of changes in the magnetic field on the photoluminescence we find that for large field strengths, beyond the ground state level anti-crossing ( ≫ 100 mT), the effects The reconstructed angles shown in Figure 2 e in the main paper are calculated in the same fashion using the experimental PL data and appropriate time-dependent PL simulations.
In regions where we can assume the PL to be recorded free of artefacts, the error in the PL measurements is simply due to noise. In quick measurements, such as for a pixel in a 2D scan, this error is on the order a few percent but can be reduced by longer integration times. For the angle reconstruction this error translates to an order of a few degrees. As long as the requirements for strength and angle, as discussed above, are met the changes in the PL due to varying magnetic field strength are below / < 0.1 %/mT. Thus changes in the field strength need to be on the order of tens of mT to compete as the main uncertainty of the reconstructed fields.
Supplementary Figure 7:
Reconstruction of field angles. a A schematic example of the reconstruction of the angle from a PL value in the position . The reconstructed angle corresponds to the magnetic field vector ⃗⃗ ( ) with the same strength as a known reference field ⃗⃗ ( ) in the alignment position. While an angle can be explicitly derived from the PL value, the unknown field strength | ⃗⃗ ( )| imposes an uncertainty on the angle . b Reconstruction method tested on the simulated field. The reconstructed angles (blue) from PL match the original angles (orange) well as long as they do not surpass ~45° (red area) and the field strength does not drop near 100 mT (green areas). 
SUPPLEMENTARY INFORMATION
Section 7 -Remanence
Switching off the write current leaves the magnetic parts of the writer, especially the write pole, with a small degree of magnetisation. Unlike a typical hysteresis effect this magnetisation is not deterministically reproducible but rather random. As measurements of the write field have to be at very small distances from the pole these remanent fields play an important role. Even a small magnetisation of the pole can produce fields strong enough to quench the PL from the NV (see section 4) and reduce the ODMR contrast significantly.
Another example for the effects of the remanence is shown in Supplementary Figure 8 a. Random bright pixels appear near the pole area. As this is a difference image they appear when the write pole retains some remanence after a current pulse. The NV stays dark and there is no contrast between on and off.
For spin experiments the remanence has even broader implications. Even when there is enough ODMR contrast to read out the NV spin the resonances of the NV may shift in the changing magnetic field and microwave pulses that are supposed to be resonant will not affect the spin.
Supplementary The remanence effects can be reduced by the shape of the current pulses. We find that pulses that have no abrupt changes but rather smooth curves like Gaussians or splines work better than step functions. Also avoiding extreme currents (> 40 mA) and leaving the write current on a small offset instead of turning it off will narrow the range. In contrast reversing the current polarity and degaussing sequences are counter-productive.
When microwave detuning and spectral accuracy plays no role for a measurement we can simply apply power-broadened pulses that envelope the whole range of resonance possibilities.
However the work with nuclear spins requires to drive selective transitions on hyperfine lines in order to transfer information from the nuclear to the electron spin where it can be read out. This makes the work with the intrinsic nitrogen nuclear spin of the NV challenging. In this section, we discuss how the first shell 13 C nuclear spin is used for magnetic field sensing.
To understand the nuclear spin FID result in the main manuscript, we must consider the full
Hamiltonian including the hyperfine interaction between electron spin and nuclear spin. In a coordinate system which takes the z axis along the NV axis, while the x axis in the mirror plane containing the 13 C, vacancy and the nitrogen, the Hamiltonian reads as:
where the secular (∥) and non-secular terms (⊥) are: To obtain the angle , we investigate the nuclear spin dynamics while the electron spin is left in the state = 0. The experimental sequence is shown in Supplementary Figure 9 a. In a tilted magnetic field ( ≠ 0) nuclear spin evolves under an effective Hamiltonian rather than pure nuclear Zeeman interaction, due to the presence of the non-secular part in the hyperfine tensor.
Supplementary Figure 9 b shows a typical signal with oscillating frequency containing the hyperfine tensor information. Using perturbation theory we obtain an analytical approximation for the frequency as 2 sin( ) (√ 2 + 2 cos 2 ( ) + sin 2 ( )).
From this expression the angle can be determined with prior knowledge of the magnetic field strength and direction. In the experiment we apply a 3 mT external magnetic field with fixed angle = 30° and variable angle . The corresponding frequency evolution is shown in Supplementary With the insight we can study the FID experiment which is performed on the nuclear spin when electron spin staying in state = 1. As described in the main manuscript, the nuclear spin is first prepared into a superposition state while the write current is off. The effective static
Hamiltonian in this case could be approximated as
̂=̂+̂.
Switching on the current induces a magnetic field ( ≈ 0, is a constant) and a new effective In addition to the DC method used in FID experiment, we could also use AC current driving nuclear spin to reconstruct the magnetic field. In this case the magnetic field is oscillating linearly as From this expression an AC magnetic field with maximal strength = 47 mT is induced from a signal power of 20 dBm.
Interaction with two nuclear spins: Role of entanglement
Now let us consider two 13 C nuclear spins in the first shell interacting with different hyperfine couplings to the electron spin. After preparing the nuclear spins in the desired state, the current is switched on. Similar to the case considered earlier i.e., when electron spin is in a specific state, Clearly both the spins experience different field strengths due to their location with respect to the write-head. As the precession frequency of phase evolution of each nuclear spin is directly proportional to the strength of the local magnetic field, the observed Rabi oscillations of each of these spins should allow one to determine the field gradient, given all the hyperfine strengths.
Instead of measuring the two spins individually to determine the field gradient we ask if the same can also be found by a single measurement of certain two-spin variable, and how entanglement can be helpful for the same?
When the two nuclear spins are uncoupled and initialised in the state | + +⟩ then measuring the probability of finding the spins in | + +⟩ at a later time is given by 
